The effect of pH and different concentrations of added monovalent and divalent cations on translation in poliovirus-infected HeLa cells has been examined. A strong effect on protein synthesis was observed when the concentration of sodium ions was modified. If cells were placed in a hypotonic medium after virus adsorption, no shut-off of cellular translation took place, nor were viral proteins synthesized. An increase in the multiplicity of infection partially overcame this effect. Reversal of the shut-off of cellular translation and inhibition of viral protein synthesis was achieved when cells were placed in hypotonic medium 2 h after infection. Modification of divalent cations (calcium or magnesium) had little or no effect on the pattern of translation. On the other hand, acidic pH (below 6) inhibited both cellular and viral protein synthesis, whereas basic pH had no influence. During infection the synthesis of poliovirus proteins reached a maximum at about 4 to 6 h and then declined. This inhibition of viral translation was partially prevented if cells were placed in a medium containing a high concentration of potassium although the cytopathic effect was prevented. These results indicate that viral protein synthesis and the cytopathic effect were, to a large extent, influenced by the external monovalent ion concentration.
INTRODUCTION
The pioneering work of Koch and coworkers (Saborio et al., 1974; Nuss et al., 1975) indicated that hypertonic medium inhibits cellular protein synthesis to a greater extent than viral translation. Their interpretation of these observations was that poliovirus and other viral mRNAs laave a higher affinity than cellular mRNAs for binding to ribosomes. Therefore, any non-specific inhibition of translation would preferentially affect the low-affinity cellular mRNAs. This interpretation was only partly correct, because it was later found that the nonspecific inhibition of translation by means of hypotonic medium in encephalomyocarditis (EMC) virus-infected cells had just the opposite effect, i.e. viral translation was blocked, whereas the translation of cellular mRNAs was increased (Alonso & Carrasco, 1981) . Bearing in mind previous findings concerning the effects of monovalent ions on the translation of cellular and viral mRNAs in cell-free systems (for reviews, see Carrasco & Smith, 1984; ) and the results obtained in virus-infected cells, a plausible conclusion was that viral mRNAs bind more strongly than do cellular mRNAs, particularly under physiological and high ionic strength conditions, but not at low monovalent cation concentrations (Carrasco & Smith, 1984) . It may be significant that viral mRNAs are translated in the cytoplasm where the levels of monovalent ions are changing as a consequence of membrane damage . We hypothesized that the continued increase in sodium levels and the leakage of potassium would also gradually affect viral translation, finally leading to total inhibition of viral protein synthesis (Carrasco, 1977) . If this were true, it would be anticipated that the translation of viral mRNAs can be increased and extended by placing the infected cells in a high potassiumcontaining medium, which would reduce the leakage of this cation from cells. The aim of the 0000-7272 © 1987 SGM present work was to examine this possibility by performing a thorough analysis of the effects of pH and the concentrations of monovalent and divalent cations on translation in poliovirusinfected HeLa cells.
METHODS

Cells and virus.
HeLa cells were propagated in Petri culture dishes (Falcon) containing 10 ml Eagle's medium as modified by Dulbecco (E4D) supplemented with 10 ~ newborn calf serum (Gibco) and incubated at 37 °C in a 5 CO2 atmosphere.
Poliovirus type 1 (Mahoney strain) was grown in HeLa cells in E4D medium supplemented with 2~ newborn calf serum (E4D2). Cells and medium were collected and sedimented at 4000 r.p.m, for 20 min. The pellet was resuspended in distilled water, frozen and thawed three times and centrifuged at 4000 r.p.m, for 15 min. The supernatants of both centrifugations were mixed, and the concentration of virus was estimated by plaque assay.
Conditions of infection.
HeLa cells grown in 24-well Linbro plates were infected with virus at the m.o.i, described in each experiment. After 30 min incubation at 37 °C, the medium was removed and 0.2 ml E4D2 was added. In other experiments E4D2 without NaC1 (E4D2-NaC1) medium, with different concentrations of added NaC1, was used. The time of virus addition was considered as -30 min and zero time was taken as the point when the virus was removed. Incubation at 37 °C was continued until the labelling period.
Analysis of proteins by polyacrylamide gel electrophoresis. At various times after infection, as indicated in Results, 0.2 ml of methionine-free E4D2 medium and 5 gCi of [3SS]methionine (1450 Ci/mmol; Amersham) was added to the cells and labelling was allowed to proceed for 1 h. At the end of the labelling periods, the cell monolayers were dissolved in 100 gl 0.02 M-NaOH plus 1 ~ SDS and 200 gl of sample buffer (62.5 mM-Tris pH 6.8, 2~ SDS, 0.1 Mdithiothreitol, 17% glycerol and 0.024~ bromophenol blue as indicator). Each sample was sonicated to reduce viscosity and heated at 90 °C for 5 min. Volumes of 5 gl were applied to a 15% polyacrylamide gel and run overnight at 100 V.
Fluorography of the gel was carried out after impregnation with PPO dissolved in dimethyl sulphoxide (20~ w/v). The dried gels were exposed using RP X-ray films (MAFE). Densitometric profiles of the gel were made using a Chromoscan 3 (Joyce-Loebl) microdensitometer.
Five gl of each sample was also precipitated by 1 ml TCA and filtered through GF/C glass fibre filters to determine the total protein synthesized. Dried filters were counted in an Intertechnique scintillation spectrometer.
RESULTS
Effects of pH and concentration of monovalent cations on the shut-off of cellular translation induced by poliovirus
HeLa cells were infected with poliovirus and after 30 min of adsorption were placed in media of different pHs, ranging from 5.0 to 9.0, or in media where the concentrations of NaC1, KC1, CaC12 or MgSO4 were widely varied. Protein synthesis was estimated throughout the time of virus infection. The most striking effect was observed in media containing different concentrations of NaCl (Fig. 1) . Thus, under hypotonic conditions the shut-offof translation by poliovirus was prevented or delayed depending on the m.o.i, used, whereas, in agreement with previous findings (Saborio et al., 1974) , hypertonic media accelerated the blockage of cellular protein synthesis (Fig. 2) . In hypotonic medium only cellular proteins were synthesized even 8 h after infection, whereas at high salt concentrations cellular proteins were inhibited more rapidly (Fig. 2) . Modification of the other cation concentrations has a negligible effect on shut-off. An interesting observation was that basic pH had no effect on the kinetics of the shut-off or in the appearance of poliovirus proteins, whereas acidic pH (6.0 or below) inhibited poliovirus protein synthesis, but shut-off still occurred (results not shown).
Reversal of poliovirus shut-off by hypotonie medium
We have previously observed that EMC virus-infected HeLa cells stop synthesizing viral proteins when they are placed in a hypotonic medium (Alonso & Carrasco, 1981) . This finding suggested that shut-off of cellular protein synthesis induced by EMC virus was not caused by an irreversible mechanism. It is thought that the early shut-offof poliovirus is caused by proteolytic cleavage of the p220 protein involved in cap recognition (Etchison et al., 1982) . If this is so, the shut-off should be irreversible. However, when poliovirus-infected HeLa cells were placed in a hypotonic medium 2 h after infection, when the shut-off of cellular translation had occurred and 327 poliovirus protein synthesis was still taking place, there was a marked effect on the pattern of translation. Fig. 3 shows that poliovirus translation stopped immediately and cellular proteins reappeared. However, this phenomenon was very much dependent on the time of infection, because if the medium was changed 1 h later, poliovirus protein synthesis was less sensitive to hypotonic medium and cellular proteins increased to a lower extent, with shut-off of viral translation taking place with kinetics similar to control samples.
Effects of varying potassium concentrations on poliovirus translation
Poliovirus translation during a normal infection of HeLa cells reaches a peak around 4 to 6 h after which there is a decline in viral protein synthesis. It is now established that the bulk of poliovirus protein synthesis and the permeability of the plasma membrane increase simultaneously Nair, 1981 ; Lbpez-Rivas et al., 1987) , giving rise to a gradual collapse of the ionic gradients and the leakage ofmetabolites from the cell. According to our observations, these modifications should also affect the translation of viral mRNAs, leading finally to cell death. To determine whether viral protein synthesis could be prolonged by reducing the redistribution of monovalent cations, the infected cells were placed in a medium containing a high concentration of potassium ions. The results shown in Fig. 4 indicate that poliovirus-infected cells placed in such a medium synthesized poliovirus proteins for longer. Moreover, total protein synthesis was similar to that of uninfected cells, suggesting that viral translation did not take place at optimum levels in infected cells. Observation of infected cells by phase-contrast microscopy revealed that the c.p.e, was delayed (Fig. 5) , even though viral protein synthesis increased, suggesting that the modifications of monovalent cations in poliovirus-infected cells play a role in the development of c.p.e.
To determine whether poliovirus translation takes place below its optimal levels during a normal infection, infected cells were placed in media lacking sodium, but containing different concentrations of potassium, at various times after infection. Fig. 6 shows that an increase in Fig. 2 . Kinetics of protein synthesis in poliovirus-infected HeLa cells in E4D2 medium plus 110 m~J-NaC1 (hypertonic medium; 265 mM-Na+; I), E4D2 medium (control medium; 155 mM-Na+; O) and E4D2-NaCI medium (hypotonic medium; 45 mM-Na*; 0). The multiplicity of infection was 10 p.f.u./cell. The cells were labelled and the proteins analysed as described in Methods at different times after infection. (a) TCA-precipitable c.p.m. ; (b) protein synthesis relative to control; (c to e) analysis by SDS-PAGE of the proteins synthesized in hypertonic, control and hypotonic medium, respectively, at 1 to 8 h post-infection.
poliovirus translation occurred when a high concentration of potassium ions was present, suggesting that the leakage of this cation from infected cells might play a part in the inhibition of viral protein synthesis. )o \ / ' --g~.
-.
-'\/Z'-. . (c to e) Analysis by SDS-PAGE of the proteins synthesized at 1 to 6 h after infection in E4D2 control medium (c), or E4D2-NaC1 added at 2 h (d) or 3 h (e). The abbreviations la to 10 and (1) to (2B) (systematic nomenclature L434) denote different poliovirus proteins and Ac indicates cellular actin. The arrows show the times when E4D2-NaCI medium was added.
binding protein (p220) is cleaved after infection (Ehrenfeld, 1985; Etchison et al., 1982) , no exact correlation between p220 cleavage and the early shut-off is observed in intact cells (Shatkin, 1985) . Moreover, analyses of prelabelled cellular proteins by two-dimensional gel electrophoresis late in infection do not reveal cleavage of any protein, including initiation factors (Duncan et al., 1983) . It may be that such cleavage cannot be detected by this high resolution technique. Further, studies with a poliovirus mutant able to cause shut-off in HeLa cells suggested that the p220 cap-binding component was not cleaved (Bernstein et al., 1985) . On the other hand, we have presented evidence that the early shut-off of cellular protein synthesis by poliovirus infection takes place even though the permeability of the cell membrane to monovalent cations is not changed L6pez-Rivas et al., 1987) . The possibility that modification of the membrane by a viral protein early in infection may affect cellular translation, by a mechanism other than modification by ions, still remains unexplored.
Experiments in vitro showed that naturally capped m R N A s that are artificially decapped bind better to ribosomes at low ion concentrations (Ehrenfeld, 1985) . This effect does not apply to naturaly uncapped m R N A s in vitro or in vivo, as we have shown in this work, since they are not translated under hypotonic conditions. If we assume that the cap-binding factor has been destroyed 2 h after infection, it is possible that capped cellular m R N A s restart their translation ?.
in hypotonic medium by a cap-independent process. Another possibility is that the p220 polypeptide has not been totally destroyed.
There is now substantial evidence illustrating that modification of permeability to ions occurs when viral proteins are being synthesized ), yet we ignore the viral component involved in that modification. The accompanying communication (L6pez-Rivas et al., 1987) sheds some light on the mechanisms involved. However, it is surprising that we still know very little about the consequences that such modifications have for viral or cellular protein synthesis. The results presented in this work suggest that a collapse of monovalent cation gradients is involved in the drastic decline of viral translation and in the development of the cytopathic effect. To conclude that viral protein synthesis stops because the cell dies merely evades the exploration of this phenomenon in molecular terms. Our results show that poliovirus lyses infected cells in a gradual manner, although viral mRNAs have evolved in such a way that they are more resistant than cellular mRNAs to increases in ion concentrations. Continuous cell lysis gradually inhibits viral macromolecular synthesis although it does not have immediate consequences for virus growth because, even after the membrane has been modified, the virus continues synthesizing enough macromolecules to participate in the assembly process and give rise to the viral progeny.
